Five clones of the Park-Williams number 8 strain of Corynebacterium diphtheriae, previously maintained in separate laboratories, were examined for their colonial and biochemical properties, for the restriction and modification system which operates to obscure their lysogeny, and for their capacity to produce large amounts of toxin under ordinary laboratory conditions. The phenotypes of their phage, P, produced in strain 603 and C7 (P -603 and P -C7) differ both as to stability to storage in the cold and to inactivation by antiphage serum. Evidence for a high degree of stability in the integration of P prophage in the PW8 genome is presented.
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In 1896 Park and Williams (28) isolated a strain of Corynebacterium diphtheriae which had the capacity to produce large amounts of diphtherial toxin. This unusual diphtheria bacillus, the PW8 strain, is of particular importance because it has for 73 years served as the universal source of toxin used for preparing diphtherial toxoid, the agent employed for the immunization of persons against diphtheria. In 1954 it was realized that the PW8 strain carried a bacteriophage (7) later designated P10x+ (4) . After exposure to inducing doses of ultraviolet light, the Park-Williams 8 strain liberated a small number of phage particles (about I plaque-forming unit/106 bacteria) capable of forming plaques on the indicator strain, C7 (6, 26) . Barksdale interpreted this as indicative of a state of defective lysogeny and designated the rough strain of PW8 with which he worked PW8r (Pdi), indicating that the P prophage carried by PW8, while inducible, was defective and failed to give rise to infectious particles save in the case of a rare back mutant (7) . Others attributed the low phage yields obtained from irradiated PW8 bacilli to its "incomplete electron transport system" (26) . Recently, Maximescu (24), employing as an indicator strain C. ulcerans strain 9304, tested for the presence of phage in "drops" of "original lysates" of overnight cultures of the Weissensee G strain of PW8 and reported finding about 50 "small, punctiform plaques." Following this lead and employing a strain of C. ulcerans 603, we have uncovered a restriction-modification system (8, 14, 22) 
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Several laboratories concerned with the production of diphtherial toxoid have become interested in whether or not their strains of PW8 do carry a tox+ prophage. The investigators in some of these laboratories communicated to us their inability to demonstrate the presence of bacteriophage in the strains of PW8 maintained by them. In one case, sublines of the PW8 strain were reported as failing to produce toxin (29) . It might be expected that various substrains of PW8 in different laboratories and under a variety of conditions would in time differ. Up to now, no set of criteria has been established by which strains of PW8 might be compared. In this paper we set down simple procedures for establishing the biochemical properties, toxinogenic capacity, colonial morphology, lysogenic status, and restriction-modification relations of the PW8 bacillus. By using these procedures, the essential features of strains from the United States, Czechoslovakia, England, Holland, and India have been examined.
MATERIALS AND METHODS Bacteria. Substrains of C. diphtheria PW8 were used. CN2000 was obtained through the kindness of D. C. Edwards, the Wellcome Research Laboratories, Beckingham, Kent, England. It has been the basis of a number of studies now fundamental to understanding the corynebacteria. Under suitable conditions it produces large amounts of toxin (11) . It possesses a complete cytochrome system (35) and is a much smoother strain than PW8r(P)'OX+ and, therefore, easier to work with. Photographs of colonies of CN2000 and the other strains considered in this paper are shown in Fig. 1 . CN2000D, a strain of CN2000 maintained at the LAMPIDIS AND BARKSDALE have been "cured" of its tox+ character by S. S. Rao, the Haffkine Institute, Bombay, India (29) ; and the Bikens strain was kindly supplied by T. Hirai (16) .
Strains PW8,(Pd) and PW8, (Pd) of this laboratory (6) are redesignated PW8,(P) and PW8.(P). The results reported herein show them to share the following genetic markers: tryptophan independent (can synthesize indole), yield phage with P603 phenotype upon induction with ultraviolet light, produce large amounts of diphtherial toxin, and are resistant to bacteriophages which specifically lyse mitis strains of C. diphthenae. Under conditions optimal for growth, mean generation times in minutes for the following strains were found: Bikens, 127 min; CN2000, 131 min; CN2000D, 120 min; PW8r(P), 146 min. PW8.(P)'Ox+ grows a little faster (6) . The PW8,(P) strain isolated from the SM-I strain of Yoneda (5) differs from all other PW8 strains in that it requires indole, yields phage with the phenotype P-C7 after induction with ultraviolet light, and is sensitive to certain mitis-specific bacteriophages. Miller et al. (26) correctly redesignated this strain P60(et).
Indicator strains. C7.(-)'tx-, hereafter referred to as C7, is the standard indicator for bacteriophages active on a number of mitis strains (6, 7, 18) .
Strain 603 was obtained from Sheldon Arden (Goldzimmer, Arden, and Barksdale. Bacteriol. Proc., p. 160, 1968), a strain of C. ulcerans originally described by Henriksen and Grelland (15) .
Bacteriophages. Strain , is a well-studied phage maintained in this laboratory (18) . It was originally derived as a mutant of phage B (7) from Freeman (12) who obtained his stock from Toshach (38) and distilled water to 250 ml. The supplements were distributed in 50-ml portions in 8-oz (226-g) screwcapped bottles and sterilized by autoclaving at 110 C for 20 min.
Liquid media. For PGT medium, the casein hydrolysate medium of Mueller and Miller (27) was modified to contain added tryptophan, pantothenate, and glutamate as described by Barksdale and Pappenheimer (7) , plus 0.001% (w/v) phenol red. The pH was adjusted to 6.85 with 50% KOH.
The PGT medium without added tryptophan was used as PG medium. Before using media, sterile 40% (w/v) maltose supplement was added to PG to yield a final concentration of 4% maltose and to PGT to yield a final concentration of 2% maltose.
Solid media. Tryptose-agar medium had the following composition: Tryptose (Difco), 10 Chocolate agar medium was made with sterile neopeptone-agar (500 ml per bottle) of the following composition: Beef Heart Infusion (Difco), 500 g; Neopeptone (Difco), 20 g; NaCl, 5 g; agar, 20 g; distilled water to I liter; final pH 7.4. The neopeptone-agar was melted, allowed to cool to 80 C, and combined with 35 ml of sterile horse serum and 25 ml of sterile horse blood (previously warmed to room temperature). The bottle was constantly rotated in an 80 C water bath until an even chocolate color was obtained. The mixture was allowed to cool to about 65 C and was then poured into sterile clay-topped petri dishes.
Cystine Trypticase-agar (Difco) was used as a base for fermentation media. The carbohydrates used were glucose, sucrose, maltose, starch, and trehalose in 0.5% (w/v) amounts.
Gelatin medium was made of: Peptone (Difco), 10 g; beef extract, 3 g; NaCl, 5 g; gelatin, 150 g; and distilled water to 1 liter. All ingredients other than the gelatin were dissolved without heating. The pH was adjusted to 7.2 to 7.4 with 1 N NaOH. Gelatin was added and dissolved by heating over a boiling-water bath. The mixture was then filtered through cotton and tubed in 7-ml quantities. Sterilization was by autoclaving at 120 C for 15 min.
Phage assay. The procedure of Holmes and Barksdale ( 18) was followed for phage assay. overlayed on Tryptose-l% agar plates. Onto the dried lawns, so prepared, drops of the phage stocks to be tested were spotted undiluted and at various dilutions.
PARK-WILLIAMS STRAIN OF C. DIPHTHERIAE
Preparation of phage stocks. Phage stocks were prepared from single plaques, with two cycles of lysis, by the procedure of Holmes (18) .
Measurement of phage adsorption. Log-phase cells of the bacterial strains to be tested (adjusted to OD 0.3) were combined with bacteriophage. The phage-bacterium mixture was shaken for 25 min at 36 C and 240 rev/min. Samples were then centrifuged at high speed, and the phages remaining in the supernatants were measured and compared with the titer of the stock phage.
Preparation of lysogenic bacteria. Lawns of indicator bacteria were prepared as for phage assays. Drops of bacteria-free, filtered phage stocks were placed on these lawns, and the petri dishes containing them were incubated for 2 days at 30 C. An area of confluent lysis was stabbed with a sterile inoculating needle, and the adhering bacteria were suspended in I ml of PGT medium. Samples of these suspensions were streaked on Tryptose-agar plates. Sixty single colonies so isolated were picked onto maltose-supplemented Tryptose-agar plates and incubated at 30 C for 48 hr. The plates were then replica plated onto lawns of a sensitive indicator strain. These replica plates were incubated for 24 hr at 30 C and were examined for clear areas. The colony replicas which gave rise to clear areas were cloned and subcultured in liquid medium, and their lysogenic state was proven by demonstrating that (i) there was phage in culture supernatants, (ii) the clones were immune to lysis by homologous phage, and (iii) they yielded increased amounts of phage after irradiation with small doses of ultraviolet light. The lysogenic strains 603(P) and C7(P) were prepared in this manner.
Induction of lysogenic bacteria with ultraviolet light. A log-phase culture was adjusted to OD 0.15, allowed to grow to OD 0.3, placed in a sterile glass dish to a maximum depth of 3 mm, and irradiated for 135 sec [1,750 (i5%) ergs per cm2 per sec] by using a 15-w General Electric germicidal lamp by the method of Barksdale and Pappenheimer (7). After irradiation, the culture was transferred to a shielded Erlenmeyer flask and shaken in a New Brunswick model G 76 gyratory shaker at 240 rev/min and 36 C. Impending lysis was monitored by following the OD of the culture and by examining, from time to time, Gram-stained smears under a microscope for the presence of elongated bacilli and gram-negative debris. The lysate was usually harvested at about 5.5 hr postirradiation, the cellular debris was removed by centrifugation at 12,000 x g, and the supernatant was assayed for its content of bacteriophage.
Tests for toxinogenicity. Intracutaneous tests for diphtherial toxin were done in guinea pigs as described by Barksdale et al. (5) . Supernatants of lysates of cells (603 and C7) infected with phage isolated from CN2000D and also the lysogenic cells, 603(P) and C7(P), were tested in this way for their ability to produce diphtherial toxin.
Ramon flocculation test. The samples of toxin listed in Table I were assayed by using the flocculation procedure originally described by Ramon (30) modified as follows. Two stock solutions of diphtherial antitoxin from Wyeth Laboratories Inc., Marietta, Pa., were prepared containing 500 and 250 antitoxin units per ml, respectively. These were tested with standard toxin which had been standardized with lot SA-9 standard antitoxin (secondary), kindly supplied by James A. McComb, Biologic Laboratories, Commonwealth of Massachusetts, Jamaica Plain, Mass. The toxin was assayed by using antitoxin in the following amounts (ml): tube 1, 0.01; tube 2 0.02; tube 3, 0.03; tube 4, 0.04; tube 5, 0.05; and tube 6, 0.06. A l-ml amount of toxin was used in each tube. The antitoxin was diluted in saline to yield either 500, 250, or 100 antitoxin units per ml. The first rough assays were done by using 5 antitoxin units per tube. The final assays were done by using smaller increments. The tubes containing the antitoxin and toxin were placed in a 47 C water bath. Flocculation occurred with 1 hr, and the tube in which flocculation occurred first was taken to indicate the L, value. For calculating toxin yields, I Lr was taken to be equivalent to about 2 Ag of toxin protein (21) .
Viable counts. Viable counts were made by serially diluting the culture 10-fold in cold PG, and plating by spreading 0.1-ml portions of appropriate dilutions onto Tryptose-1.5% agar plates. Colony counts were made after incubating the plates for at least 3 days at 36 C.
Fermentation tests. The PW8 substrains were grown overnight to an OD of at least 8.0, and 5-ml samples were centrifuged at 12,000 x g for 15 min. The supernatants were decanted, and the pellets were suspended in 5 ml of unsupplemented PG. The cultures were centrifuged again, and the pellets were suspended in 2 ml of PG. Carbohydrate media were inoculated with samples of this material, with a separate sterile capillary tube used for each inoculum. The charged capillary tube was pushed to the bottom of the medium and slowly pulled up while releasing the inoculum. The tubes were incubated at 37 C and were observed periodically. The same procedure was followed for the gelatin test.
Density measurements. OD measurements were made by using a Bausch & Lomb Junior spectrophotometer at 590 nm.
RESULTS
Fermentation patteras of the PW8 strains. All five strains fermented glucose and maltose, failed to ferment sucrose, starch, and trehalose, and failed to hydrolyze gelatin. Thus all produce fermentation reactions characteristic of C. diphtheriae mitis. Figure IA shows a rough strain PW8r(P)'OX+, heretofore designated as PW8r(Pdi)'tX+. Figure IF rough colonies to form clumps. The presence of Tween 80 did not seem to interfere with toxin production. It has long been known, however, to interfere with the adsorption of corynebacteriophages (13) .
Single colonies as inocula for toxin production.
The purpose of these experiments was to develop a method whereby the average laboratory could test single colonies (clones) of the PW8 strain for their capacity to serve as inoculum for the production of amounts of diphtherial toxin easily detected by the flocculation test. The media employed were not rendered free of iron and acidcleaned glassware was not used.
(i) A log-phase culture of each of the strains of PW8 was diluted to yield about 50 colony-forming units per ml, and 0.2-ml amounts of this dilution were plated on chocolate agar plates with a glass spreader. The plates were incubated at 36 C until the average colony diameter was about 0.6 cm (see Fig. 1 and Table 1 ). By using aseptic precautions and a sterile, stainless-steel spatula (I cm wide), single colonies were excavated, along with adhering cones of chocolate agar, and transferred to 125-ml Erlenmeyer flasks containing 25 ml of PG medium supplemented with 4% (v/v) maltose. For each strain, four separate colonies were selected.
The average number of cells per colony was determined in the following way. At the time of inoculation, a whole single colony was dug from a chocolate agar plate with a sterile spatula, and the core of agar with the colony was placed in a culture tube containing 10 ml of PG medium and allowed to stand for 5 min. The chocolate agar separated from the colony and was removed with a sterile platinum needle. Two to three glass beads were added to each tube, and the tubes were then agitated on a Vortex mixer for 3 to 5 min. The OD of each suspension was determined at 590 nm. The suspensions were then appropriately diluted and samples were plated to determine the number of viable bacilli present. The results are given in Table 1. (ii) The flasks were placed in a shaking water bath at 34 C and 240 rev/min and examined from time to time for evidence of an increase in turbidity and for change in color of the phenol red. [It has long been known that in the course of toxin production there is a drop in the pH of the medium followed by an "alkaline reversal." Sometimes the rise in pH does not occur. We have found detectable toxin in such cases, but the yield can be tripled by neutralizing the medium from time to time with KOH.] OD readings were made on the contents at 20 hr, when an OD of 3 had generally been reached. The shaking speed was then increased to 300 rev/min. To minimize the effect of clumping on OD readings, the samples were agitated with glass beads on a Vortex mixer before reading. The flasks were incubated for a total of 54 hr, at which time the average OD was ± 12.0, or 2.2 x 1010 bacilli per ml, or 0.7 mg of bacterial N per ml (7) .
(iii) The cells were removed by high-speed centrifugation, and the supernatants were assayed for toxin by using the flocculation method of Ramon (30) modified as described in Materials and Methods. The range of decrements to be tested was determined by carrying out preliminary flocculation reactions. The amounts of toxin produced by representatives of the various strains are shown in Table 1 .
Demonstration of the lysogenic status of the PW8 strains. Cultures (25 ml) of each strain in log phase (OD 0.3) were irradiated with ultraviolet light as described above. The cultures were transferred to aluminum-foil-covered, 1 25-ml Erlenmeyer flasks and incubated with shaking for 5.5 hr (previously determined as the time to lysis after exposure of the cells to ultraviolet light). Cells and debris were then removed by centrifugation, and the supernatants were assayed for phage content on strain C7. The number of plaques per milliliter of lysate was always small, on the order of 2 x 103 per 10 ml of supernatant when titered the same day as prepared. When the same supernatants were plated on strain 603, the number of plaque-forming units per ml was increased 103-fold. Thus two classes of phage could be derived from PW8 lysates: the progeny of those particles which infected strain C7 and behave like phage P already described (4); the other, P 603, the progeny of particles which infect 603. When isogenic stocks were prepared from plaques of P grown on C7, P C7, and of P grown on 603, each stock was found to plate more efficiently on the host used for its propagation than on the alternate host (see Table 3 ). [The designations P * C7 and P.603 are in keeping with the designations introduced by Arber and Dussoix (3) and Dussoix and Arber (10) for hostmodified phenotypes of phage X; see also 2 and 14.] All of the strains of PW8 included in this study could be induced to release phage after irradiation with ultraviolet light, and the phenotype of the released phage was like P .603 and unlike P . C7 (see Tables 2 and 3 and Fig. 2) .
Number of cells of the PW8 strain induced to lyse by ultraviolet light. To sure to ultraviolet light, long before any of the induced cells would have lysed. The free phage at this time numbered 6,000 particles per ml. The total number of ultraviolet-light-induced infective centers found on lawns of indicator strain 603 was 16 x 10.. The unirradiated control contained 210 x 103 infective centers. Since the total number of cells exposed to ultraviolet light was 132 x 106f, better than 10% of the irradiated cells yielded a burst of phage capable of lysing strain 603. The number of infective centers found on lawns of C7 was about 100 per 10 ml. Lysogenization of C. ulcerans 603 and C. diphtheriae C7 with phages P603 and P-C7, respectively. Drops of phage P . C7 (titer, 107 plaque-forming units per ml) and of P 603 (titer, 2 x 109 plaque-forming units per ml) were placed on lawns of C7 and 603, respectively. After 2 days of incubation, resistant bacteria were picked from the lysed areas and streaked out on agar plates. Once C7(P) and 603(P) were obtained as pure lines, cultures of them were tested for the inducibility of their respective prophages by exposure to ultraviolet radiation. That each strain is truly lysogenic (i.e., is not a carrier clone) is seen in Table 2 , which shows a rise in free phage after ultraviolet light induction.
Test for expression of tox+ in C. ulcerans strain 603 by P *603 derived from C. diphtberiae PW8. Cultures of strain 603 lysogenized with P-603, and strain C7 lysogenized with P . C7, were separately grown overnight to an OD of i 8.0 and diluted 100-fold; 0.1 ml of each culture was injected intracutaneously at sites on the depilated back of a 500-g guinea pig. At 4 hr, the animal received 500 units of diphtherial antitoxin. Thirty minutes later identical injections were given at new control sites. At 72 hr, necrotic lesions were formed at the test sites of both 603(P) and C7(P). There was no necrosis at either of the control sites, thus indicating that the toxin produced by each of these strains of bacteria was specifically neutralized by diphtherial antitoxin.
Host-controlled restriction and modification of phage P. When crops of phage P are produced by inducing an endogenous infection in cells of PW8 as a result of exposing them to ultraviolet light, the particles are of the phenotype P 603, i.e., they plate well on 603 and little or not at all on C7. The two phenotypes, P 603 and P -C7, differ not only in their ability to form plaques on the two host strains (see Table 3 ) but also in their stability to storage in cold (see Tables 4 and 5 ). The marked instability of P phage grown in C7 has made for difficulties in experiments with it.
The stable P-603 phenotype was used in the following way to see whether the C7 restriction for it could be lifted. Schell and Glover (34) showed that the capacity of cells of Escherichia coli K(Pl) to restrict phage can be lowered by starving the cells and then heating them for a about 10% of the irradiated cells release bacteriophage P. The phenotype of the released phage is such that it cannot plate with satisfactory efficiency on strain C7, but it does plate on C. ulcerans strain 603 (Tables 3 and 4 ). This phenotype is here designated P 603, since, so far as restriction in and modification by C7 is concerned, P phages issuing from PW8 or from 603 are identical. The P *603 phenotype contrasts with P C7 as follows.
(i) The particles are stable to storage in the cold (Table 4) , and (ii) they adsorb to but can multiply in a very small fraction of the cells of populations of C7. The restricting capacity of a small number of the cells in populations of C7 can be lifted (inactivated) by subjecting the cells to a combination of starvation and heat (exposure to 50 C; see Table 6 ). In this respect the restriction which operates in C7 behaves like that of E. coli strain K-12(PI), which destroys the entering deoxyribonucleic acid (DNA) of phage X. From the work of Arber and Dussoix (3, 10), Wood (39), Roulland-Dussoix and Boyer (9, 32) and of Meselson and Yuan (25) , it seems that the restrictions seen in E. coli strains K-12, K-12(PI), and B are imposed by specific endonucleases which act upon unmodified DNA by introducing scissions at a limited number of sites in each of the strands of the DNA duplex. Although these endonucleases, III-K, IlI-P, and III-B, differ in their substrate (site) specificities, they appear to belong to a single class of endonucleases (25, 32) having about the same molecular weight (300,000) and exhibiting a specific requirement for Mg2+, Sadenosyl-L-methionine, and adenosine triphosphate. Although such requirements are absolute in the case of these three nucleases, neither the restriction enzyme(s) which degrades resistance transfer factor-2 nor DNA foreign to strain Rd of Haemophilus influenzae has any such requirements (21a, 32, 37) . It remains to be discovered which of these models fits the restriction system of C7.
Our most unusual findings with regard to the modified phage P -C7 and its unmodified counterpart, P *603, are (i) the difference in behavior of these two phenotypes in the presence of anti-VOL. 105, 1971 83
on October 24, 2017 by guest http://jb.asm.org/ Downloaded from phage serum and (ii) the difference in their stabilities to storage in the cold (see Fig. 2 and Table  5 ). L. R. Bullas and R. L. Nutter recently reported similar serological peculiarities and instabilities associated with one of the phenotypes of phage P *3 (from Salmonella potsdam) grown on E. coli C (Bacteriol. Proc., p. 157, 1969). Methylation of DNA at specific sites seems to be the modification that enables the DNA of certain phages of E. coli to escape restriction (2, 39 ). An attempt to examine this matter in the case of corynebacterial modifications is being undertaken by using an inhibition-of-modification-and-restriction system similar to that described by Hirsch-Kauffman and Sauerbier (17) .
The five PW8 strains whose colonial morphologies are shown in Fig. I are somewhat rough. Only PW8r(P) forms colonies with irregular margins. All five exhibit, however, general attributes of roughness: they grow in broth as a friable pellicle or a sediment and stick to the sides of glass roller tubes and shaking flasks. Of the strains examined, CN2000 and CN2000D were easier to work with because they tended to separate more easily after cell division, especially in Tweencontaining media.
The PW8 strains are generally regarded as avirulent organisms. This impression stems from the fact that these bacteria have been handled in batch cultures by numerous laboratory workers over the past six decades with no reports of laboratory infections. In this laboratory one of us (L.B.) has worked with the PW8 strain for 20 years without an infection or even a change in his response to the Schick test (he is Schick-positive, i.e., shows no evidence of circulating antitoxin). In spite of this evidence for the avirulence of the PW8 strain, it was originally isolated from a patient, and occasionally others similar to it have been isolated from patients. It belongs to the serological group K (D-5) of Huang (19) . Huang has described cases of diphtheria infected with this serotype and has found that patients so infected respond in a special way to antitoxin therapy. The homologous antibacterial antibodies contained in the antitoxin seem to hasten the disappearance of bacteria from their throats in a manner not seen in persons harboring heterologous strains of C. diphtheriae. The toxic dimycolate of trehalose, the cord factor of C. diphtheriae, was isolated and characterized from lipids of the PW8 strain (36) . Its toxicity was recently studied by Kato (20) . The relative avirulence of the PW8 strain suggests that the role of cord factor in virulence is somewhat complex.
The method described here for using entire colonies of diphtheria bacilli as inocula for the production of toxin avoids the tedium involved in preparing cells for toxin synthesis, employs ordinary glassware, and can be carried out in any laboratory equipped with a shaking incubator. The results are extremely reproducible and the amounts of toxin produced are amenable to in vitro methods of assay. Had such a method been available to Rao (29) in 1965, it is unlikely that he would have described his culture of the Weissensee G strain as nontoxinogenic. At that time Rajadhyaksha and Rao reported curing of the Weissensee G strain of the tox+ gene by treatment with acriflavine, leading them to hypothesize that tox+ "was carried by a cytoplasmic toxinogenic factor designated as Tr." In our hands the cured strain they sent to us makes 11 sg of toxin per OD unit (see Table 1 ) and is also lysogenic.
Saragea and Maximescu reported (33) that none of the phages in their typing system lyse PW8. Thus, so far as is known, PW8 has no receptors for corynebacteriophages. Since these PW8 strains have no receptors for phage P, should they lose prophage P, there is no way for them to become reinfected. The Park-Williams 8 strain, then, stands as an impressive example of the stability possible between a prophage and its host, for in the innumerable divisions the PW8 genome has gone through since 1896 it has lost neither its prophage, its tox+ character, nor a number of other properties by which it can be recognized.
